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Abstract 
This paper proposes a methodology to quantify the effects of thermal aging on fracture toughness of cast stainless steels (CSSs) 
using small punch (SP) tests and finite element (FE) damage analyses. SP tests and C(T) tests are conducted using virgin 
(unaged) and thermally aged (up to 5,000 hours at 400oC) CF8M that is a type of cast stainless steels. The FE damage simulation 
method used in this paper is based on the multi-axial fracture strain model. The multi-axial fracture strain models are determined 
from SP tests data and FE analysis results. C(T) tests are simulated using these multi-axial fracture strain models. To validate the 
methodology in this paper, C(T) simulation results are compared with test data. The initiation toughness values from C(T) 
simulation results are predicted well and the simulated fracture toughness values are slightly conservative compared to test data. 
The methodology in this paper may be used for assessing instability of operating power plant and other aged structural 
components. 
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Nomenclature 
C aging constant 
D, E, J material constants in the multi-axial fracture strain model, see Eq. (2) 
Hf equivalent fracture strain Vm mean stress Ve equivalent stress 
 
CSSs cast stainless steels 
C(T) compact tension 
SP small punch 
 
1. INTRODUCTION 
Structural components in nuclear power plants are thermally aged during service. To assess instability of these 
components, actual mechanical properties for component materials are required. Several standard specimen test 
methods to obtain mechanical properties had been developed. Sampling large amount of material from structural 
component, however, would be dangerous causing serious damage to the structures. Therefore, several small-sized 
specimen test method including small punch (SP) test, have been developed and conducted. 
Cast stainless steels (CSSs) are used in several nuclear power plant components such as pump casings, valve 
bodies, elbows, fittings, and primary coolant pipes. When CSSs are exposed in the range of 250~400oC including 
nuclear power plant operating temperature for a long time, thermal aging which results in loss of ductility and 
fracture toughness is induced. Therefore, an assessments of degradation by thermal aging in fracture toughness of 
CSSs components has been importantly considered. 
To predict ductility and fracture toughness using FE analyses, several simulation techniques have been developed 
and used. However, most of these techniques require standard specimen tests including ‘the multi-axial fracture 
strain model’ that is considered in this study. Therefore, the objective of this study is to suggest the method to 
quantify thermal aging effects on fracture toughness of CSSs using SP tests and FE damage analysis with the multi-
axial fracture strain model. SP tests and C(T) tests using virgin (unaged) and aged (up to 5,000 hours at 400oC) 
materials were conducted. The multi-axial fracture strain models were determined from SP tests FE analyses. C(T) 
tests were simulated using FE damage analyses and fracture toughness were predicted from the simulated results. 
Simulated results were compared with test data to validate the method in this study. 
 
2. EXPERIMENTS 
2.1. Material, Aging Procedure 
In this study, virgin and thermally aged CF8M that is commonly used for main coolant piping, pump casing and 
valve bodies in pressurized water reactor nuclear power plants were considered in experiments. The thermal aging 
treatments were performed at 400oC for 1,000 and 5,000 hours that have equal aging effects of 4.7 and 21 years at 
the service temperature (i.e., 320oC) according to V.N. Shah et al. (1993) and C.E. Jaske et al. (1990) as in Eq. (1) : 
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where P is aging parameter, W is aging time (hour), T is aging temperature (K) and Q is activation energy (kJ/mol). 
The chemical compositions of material is listed in Table 1. 
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Table 1. Chemical composition of CF8M stainless steel used in the experiment 
Material C Si Mn P S Ni Cr Mo Co V 
CF8M 0.06 1.48 0.72 0.018 0.004 9.15 19.49 2.56 0.12 0.06 
 
  
(a)      (b) 
Fig. 1. (a) Small punch (SP) test set-up with dimensions (unit: mm) and (b) SP test results. 
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Fig. 2. Dimensions of C(T) specimen 
 
Fig. 3. J-resistance curves for virgin and aged CF8Ms from C(T) tests. 
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2.2. Small Punch Tests 
SP tests were conducted using disc-type specimens with the diameter of 10 mm and thickness of 0.5 mm. The 
specimens and jigs used in the tests are schematically shown in Fig. 1(a). Three specimens were tested for each 
aging time. The load and deflection data were measured during indentation. The load was measured by load cell 
with capacity of 5kN and the deflection was measured by linear variable displacement transducer (LVDT) installed 
beneath of the SP specimens. Figure 1(b) shows the load-deflection curves obtained from the SP tests. 
2.3. C(T) Tests 
Fracture toughness tests were conducted using standard 1-T C(T) specimens with the thickness of 25 mm and 
width of 50 mm as shown in Fig. 2. All specimens were pre-cracked by fatigue and side-grooved at both sides of 
specimen. The tests were carried out at least two or more times for each aging time. During the tests, the crack 
extension lengths were monitored by elastic unloading compliance method for all cases. Figure 3 shows the J-R 
curves obtained from the tests. The J-R curves were determined according to the ASTM E1820-05 (2005). 
3. SMALL PUNCH SIMULATION 
Small punch tests were simulated using the commercial software, ABAQUS ver.6.9 (2009). The simulations 
were conducted with three-dimensional (3-D) FE elastic-plastic analyses and the tensile properties of virgin and 
aged CF8M used in the simulations are shown by true stress-strain curves in Fig. 4. 3-D mesh model for SP 
simulations is shown in Fig. 5(a). A quarter model were used considering symmetric conditions. The model is 
consisted with five parts, SP specimen, ball, punch, upper die and lower die. The first order solid elements (C3D8 
within ABAQUS) were used in meshing. Surface contact option provided in ABAQUS were applied to simulate 
contact conditions between the SP specimen, ball, punch, and dies. The friction factor value of 2.0 was used in the 
simulations. Element size sensitivity analyses were performed, and it can be found that SP simulation results are not 
sensitive to element size. Simulated result with SP specimen element size 0.1mm for 1,000 hours aged CF8M are 
shown in Fig. 5(b). Load-deflection behaviors are well predicted before failure. In SP simulations, the region after 
failure could not be predicted because just only conventional elastic-plastic FE analyses were applied without 
damage analysis techniques. 
4. PREDICTIONS OF FRACTURE TOUGHNESS 
4.1. Multi-Axial Fracture Strains for Aged Materials 
Multi-axial fracture strain model for FE ductile fracture simulations have been studied by C-K Oh et al. (2007) 
and C-S Oh et al. (2011) and N-H Kim el al. (2011) and already known as the ‘Stress-modified fracture strain 
model’. This model is based on the phenomenological ductile fracture model where fracture strain Hf for ductile 
fracture strongly depends on the stress triaxiality (defined by the ratio of the mean normal stress Vm and equivalent 
stress Ve). In this model, fracture strains can be calculated with an exponential function 
exp mf
e
VH D E JV
§ ·  ¨ ¸© ¹  
(2) 
where D, E and J are material constants and can be determined conventionally from notched bar tensile tests and FE 
analyses. More detailed procedures to obtain theses material constants can be found in reference by C-S Oh et al. 
(2011). 
In this study, the multi-axial fracture strains for aged CF8M were obtained with SP tests. Stress triaxiality-
equivalent strain histories for virgin and aged CF8M were extracted in SP simulations as shown in Fig. 6(a). And the 
averaged stress triaxiality and fracture strain (correspond to the last equivalent strain values of stress triaxiality-
equivalent strain curves in Fig. 6(b)) are shown by symbols in Fig. 6(b). In Fig. 6(b), solid lines represent the stress- 
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Fig. 4. True stress-strain curves for virgin and aged CF8Ms. 
 
   
(a)       (b) 
Fig. 5. (a) FE mesh for SP test simulations and (b) comparison of experimental SP test results with simulated ones. 
 
 
(a)      (b) 
Fig. 6. (a) Variations of stress triaxiality with equivalent strain from SP simulations, (b) multi-axial fracture strains for virgin and aged CF8Ms.  
1002   Jun-Young Jeon et al. /  Procedia Materials Science  3 ( 2014 )  997 – 1003 
-modified fracture strains. The solid line for virgin CF8M was calibrated in earlier studies using notched bar tensile 
tests and the material constants D, E, J in Eq. (2) are 3.08, 1.93, 0.14, respectively. It can be found that the black 
circular symbol (obtain from the virgin CF8M SP test) is located on the solid line in the graph. Therefore, 
assumption that the stress-modified fracture strain curves for aged CF8M are also lain under the white quadrangular, 
diaper symbols can be established. And in this study, the concept of aging constant, C, was introduced to calibrate 
stress-modified fracture strains for aged CF8M by multiplying aging constant values to the virgin CF8M’s stress-
modified fracture strain model equation. The aging constant values for 1,000 and 5,000 hours are 0.29 and 0.21, 
respectively.  
4.2. FE Simulations of C(T) Tests 
To quantify thermal aging effects on fracture toughness of CSSs, C(T) tests for virgin and aging CF8M were 
simulated with FE damage analyses. FE simulations were conducted with commercial software, ABAQUS. The 
multi-axial fracture strain models for aged CF8M obtained in previous section were used in the FE damage analyses. 
3-D FE mesh model of C(T) specimen is shown in Fig. 7(a). As shown in the figure, a quarter model was used 
considering with symmetric conditions. Mesh type used in the simulation is the first order solid element, C3D8 in 
ABAQUS. Elements in the crack propagation region were arranged with the same element size, 0.24 mm. 
Simulated results are shown in Fig. 7(b)-(d). Normalized load-LLD and J-R results from the FE simulations show 
some differences in comparison with the aged CF8M test data. Initiation toughness values, however, are well 
predicted in all cases. Fracture toughness reductions with increasing aging time for CSSs were well predicted with 
FE damage analyses. 
    
(a)     (b) 
      
(c)     (d) 
Fig. 7. (a) FE mesh for C(T) test simulations and (b)-(d) comparison of experimental J-R results with simulated ones using FE damage analyses. 
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5. CONCLUSIONS 
To assess structural reliabilities of thermally aged nuclear power plant components consisted with CSSs, only 
small sized specimen test methods are available. Through this study, the method to quantify thermal aging effects on 
fracture toughness of CSSs using FE damage analyses and SP tests are suggested. The multi-axial fracture strain 
models of aged CSSs were calibrated with SP tests. And fracture toughness reductions by thermal aging were 
predicted using FE damage analyses. Additional studies about the various thermal aging time for CSSs and other 
materials used in power plant components will be conducted in the future. 
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